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ABSTRACT
EVALUATION OF THE PROTEIN RECOGNITION PROPERTIES OF PEPTIDE
NUCLEIC ACIDS
by Crystal Cox Serrano
August 2015
The objective is to evaluate the ability of aminoacyl-tRNA synthetases
(aaRS) to recognize the non-standard nucleic acid, PNA (peptide nucleic acid). PNA
has immense potential in biomedical applications due to its increased thermostability
and nuclease resistance over natural nucleic acids. PNA represents a superior
alternative to natural nucleic acids in many biomedical applications due to its
specificity, strong binding, and nuclease resistance. This study is the initial data set
that indicates PNA are recognized by translation enzymes.
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CHAPTER I
INTRODUCTION
1.1 Problem Statement
In the early 1990s, Paul Schimmel’s research laboratory conducted several
elegant studies that showed aminoacyl-tRNA synthetases (aaRS) efficiently
aminoacylated shortened or truncated portions of transfer ribonucleic acids (tRNAs)
(Frugier, Florentz, & Giege, 1992; Musier-Forsyth, Scaringe, Usman, & Schimmel, 1991;
Musier-Forsyth & Schimmel, 1999; Schimmel, 1991). These results represented a
paradigm shift because they clearly show that: i) large portions of the tRNA were
dispensable for aminoacylation and ii) the binding pocket of aaRSs accommodates RNA
structures beyond the classic tRNA cloverleaf. These investigations help identify and
define the minimal portions of RNA substrate that are essential for aminoacylation
(Schimmel, 1991; Schimmel & Musier-Forsyth, 1996; Shi, Musier-Forsyth, & Schimmel,
1994).
This investigation builds upon the work by Schimmel. The objective is to
evaluate the ability of aaRS to aminoacylate non-standard nucleic acids. We hypothesize
that the hybrid nucleic acid PNA (peptide nucleic acid) can be efficiently aminoacylated
by an aaRS. PNAs are synthetic hybrids of nucleic acids and peptides (Egholm,
Buchardt, Nielsen, & Berg, 1992). PNAs contain nucleobases typically found in DNA
and RNA, but the nucleobases are linked via polyamide bonds. PNAs usually consist of
an electronically neutral N-(2-aminoethyl)-glycine (AEG) backbone (Egholm et al.,
1992). In order to investigate the aminoacylation characteristics of PNA, a short PNA (9mer) was annealed to the corresponding RNA (13-mer) to form a PNA-RNA duplex.
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The PNA-RNA duplex is analogous to the RNA duplex that is a known aminoacylation
substrate of AlaRS (Musier-Forsyth et al., 1991; Musier-Forsyth & Schimmel, 1999;
Schimmel, 1991). The RNA duplex is based on the sequence of the tRNAAla acceptor
stem.
The initial set of experiments focus on aminoacylation. We use 32P-based
aminoacylation assays to evaluate the PNA-RNA duplex (Ledoux & Uhlenbeck, 2008).
These assays assess the ability of Alanyl-tRNA synthetase (AlaRS) to effectively
aminoacylate a PNA-RNA hybrid duplex. The next set(s) of experiments focus on the
biophysical characterization of the PNA-RNA duplex vs. RNA controls such as: fulllength tRNA, an RNA minihelix and short RNA duplexes.
1.2 Significance
Our studies can provide insight to further elucidate the molecular recognition properties
of aaRSs. Moreover, these studies provide the initial investigation of the aminoacylation
characteristics of PNAs. There is immense potential for PNA to be used in many
biomedical applications. PNA has already been investigated in antigene and antisense
applications (Hanvey et al., 1992; Nielsen, 2008; Ray & Norden, 2000). These studies
focused primarily on nucleic acid targets. The characterization of viable PNA-RNA
charging substrates may provide initial assays focused on proteins, rather than nucleic
acid targets.
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CHAPTER II
RE
REVIEW OF RELATED LITERATURE
2.1 Nucleic Acids
2.1.1 Biological Nucleic Acids
The natural
atural nucleic acids RNA and DNA consist of nucleobases covalently linked
to a sugar-phosphate
phosphate backbone. The chemical backbone of RNA consists of ribose
esterified to a phosphate group through the 3’
3’-hydroxyl;
hydroxyl; the phosphate group also shares
an ester bond with a ribose moiety through a hydroxyl group on the 5’ carbon.
carbon RNA and
DNA differ chemically by the functional group attached to the 2’ carbon. In RNA,
RNA the 2’
carbon is substituted with a hydroxyl group ((-OH) while the

Figure 1. Schematic of DNA or RNA ribose
ribose-phosphate
phosphate backbone, B denotes nucleobase
substituent. (De Costa & Heemstra, 2013; Hays et al., 2005)
2’ carbon of DNA possesses a hydrogen atom (Biochemistry, 2007). The polyphosphate
backbone equips RNA and DNA with unique electrostatic characteristics. The backbone
effectively repels nucleophilic ions such as hydroxide, which hydrolyzes ester bonds, a
feature that enhances the stability of RNA and DNA (Biochemistry,, 2007).
2007) The
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polyanionic nature of RNA and DNA also mediates protein interaction by attracting the
positively charged amino aacids of proteins and peptides.
With respect to the nucleobases, both RNA and DNA are composed of purines or
pyrimidine bases (Figure
Figure 2). Purines consist of a fused ring (five and six member rings)

Figure 2. Four typical nucleobases of DNA and PNA. Thymine is included in PNA and
DNA; uracil is present in RNA. Therefore, thymine replaces uracil in PNA strands that
are based on RNA sequences (Biochemistry, 2007).
system;; common purines are adenine and guanine
guanine. The pyrimidines are relatively
smaller;; the three common pyrimidines are cytosine thymine and uracil
uracil.. Another
chemical difference between RNA and DNA is the inclusion of different pyrimidine
bases; uracil is specific for RNA, and tthymine is specific for DNA (Biochemistry
Biochemistry, 2007).
There are also major structural
tructural differences between DNA and RNA. DNA forms a
double-stranded helix,, while RNA is a single
single-stranded
stranded moiety. Both DNA and RNA
form Watson-Crick
ick hydrogen bond networks
networks.. Adenine base pairs with thymine; guanine
base pairs with cytosine. Figure 3 displays the two predominant helical arrangements of
DNA (A-form and B-form).
form). The secondary structure of RNA helices is analogous to AA
form DNA.
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Figure 3. A-DNA and B--DNA helical shape models (Hays et al., 2005; Ho & Carter,
2011; Privé et al. 1991).
2.1.2 Synthetic Nucleic Acids: Peptide Nucleic Acids
Properties of PNA
PNA. Peptide nucleic acids (PNA) were conceptualized during the
development of DNA “mimics” to control the ttranscription
ranscription of target genes (Egholm et al.,
1992).. The objective of those studies was to design a more stable (thermostable and
nuclease resistant) nucleic acid analog that bound to specific regions within a
chromosome with high affinity to regulate gene expression. PNA are hybrids of peptides
and nucleic acids (Egholm et al., 1992; Orgel, 2000). With respect to the structural
dimensions of PNA, computer modeling was used to measure the distance between
nucleobases corresponding to monom
monomeric linkages (Michael Egholm et al., 1992).
1992) The
backbone of DNA was removed in order to measure the distance between nucleobases
(Egholm et al., 1992). N--(2-aminoethyl)-glycine (AEG) was selected to serve as a
replacement for the backbone to link nucleobases (Egholm et al., 1992).. A schematic of
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an AEG backbone vs. a typically polyamide polyphosphate backbone is displayed
disp
in
Figure 4.

Figure 4. Schematic comparison of DNA and PNA, highlighting the measurement of the
phosphate and AEG backbones (Egholm et al., 1992).
By retaining the standard nucleobases, PNA readily hybridizes with DNA and RNA via
Watson-Crick base pairs (Egholm et al., 1993; Egholm, Buchardt, Nielsen, & Berg,
1992a;; Egholm, Buchardt, Nielsen, & Berg, 1992
1992b;; Hyrup, Egholm, Nielsen, Wittung,
Norden, & Buchardt 1994; Schmidt, Christensen, Nielsen, & Orgel, 1997).
1997)
The
he change from a ribose
ribose-phosphate backbone to AEG reduces the electrostatic
potential of PNA (Egholm
Egholm et al., 1992)
1992). Hence, PNA is essentially electronically neutral
at pH 7. Due to the neutral peptide backbone of P
PNA,
NA, charge repulsion between the
natural phosphate of RNA or DNA is reduced significantly. This produces an enhanced
thermostability for PNA-DNA
DNA structures versus DNA
DNA-DNA and RNA-RNA
RNA structures
(Egholm et al., 1993; Egholm et al., 1992
1992a;; Leijon et al., 1994; Nielsen, 2007).
2007) The
polyamide
de backbone of PNA also provides nuclease resistance
resistance.. The lack of amino acids
provides protease resistance
resistance; to date, nucleases and proteases have not been shown to
degrade PNA (Egholm
Egholm et al., 1992
1992a;; Ghosh, Mishra, Banerjee, & Mukhopadhyay, 2013;
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Hanvey et al., 1992; Leijon et al., 1994; Oh, Ju, Kim, & Park, 2010; Ryoo et al., 2013;
Stephan, Foerster, & Gasser, 2014). PNA have been shown to possess increased
thermostability and nuclease stability versus DNA and RNA.
Synthesis of PNA. PNA is typically synthesized in large-scale quantities using a
modified solid phase peptide synthesis (SPPS) protocol (Dueholm et al., 1994; Egholm et
al., 1992a; Hyrup & Nielsen, 1996). A column of support resin, such as 4methylbenzhydrylamine (MBHA), is commonly used (Dueholm et al., 1994). Activated
monomers are added to the column, where coupling of the monomers occurs (Dueholm et
al., 1994; Hyrup & Nielsen, 1996). The strands are removed from the resin using
hydrogen fluoride (Dueholm et al, 1994). The versatility of PNA synthesis is reflected by
the fact that amino acids, beyond AEG, can be incorporated into the backbone (Nielsen,
2008; Wittung, Eriksson, Lyng, Nielsen, & Norden, 1995). Typically L-lysine is added
onto the N-terminus, or 5’ end of the PNA to increase the solubility of the PNA. The
lysine residue also provides chirality in an otherwise achiral PNA molecule (Nielsen,
2008; Wittung et al., 1995). As the length of the PNA strand increases, the induced
chirality diminishes (Sforza, Haaima, Marchelli, & Nielsen, 1999; Wittung et al., 1995).
The conformation of the PNA helix is affected by the sequence; circular dichroism
spectra have not shown a standard shape for PNA helices, rather the shape that is
recorded by these experiments varies depending on the sequence of the PNA (Wittung et
al., 1995).
Biomolecular Properties of PNA. The presence of standard nucleobases
facilitates the formation of Watson-Crick base pairing of PNA to DNA and RNA
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(Egholm et al., 1993; Egholm et al.
al., 1992b; Nielsen, 2007, 2008).. A schematic of a
PNA-RNA duplex is displayed in Figure 5 (Nielsen, 2007).

Figure 5. Schematic comparison of protein, PNA, and RNA (Nielsen, 2007)
Like natural nucleic acids, PNAs form Hoogsteen base-pairs (Nielsen, 2008).
2008) Hoogsteen
bas-pair interactions drive
rive the formation of triplexes as shown in Figure 6. When two
strands of PNA bind to duplex DNA, one of the strands.

Figure 6. Schematic of PNA displacement of DNA (right)
(right), and PNA binding to dsDNA,
and forming a triplex via strand invasion (left) (Privé et al., 1991; Ray & Norden, 2000).
2000)
of DNA may become displaced via strand invasion; the resulting PNA-DNA
DNA-PNA triplex
iss shown on the right of Figure 6 (Nielsen, 2008; Ray & Norden, 2000).. PNA binds RNA
and DNA with greater affinity than natural DNA, driving the formation of the PNAPNA
DNA-PNA triplex (Nielsen, 2008; Ray & Norden, 2000)
2000).
Advantages of PNA. As stated earlier, PNA typically forms stronger
nger binding
interactions
actions with RNA and DNA due to reduced inter-strand charge repulsion (Egholm et
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al., 1992). The PNA strand promotes enhanced base stacking interactions that typically
generate higher thermal denaturation temperatures. The increased base-stacking
interactions are suspected to generate A-form helical signatures in PNA-nucleic acid
hybrids (Eriksson et al., 1998). PNA also exhibits increased stability against nucleases,
because PNA lacks a phosphate backbone (Egholm et al., 1992a; Leijon et al., 1994).
Nucleases hydrolyze phosphate bonds along the backbone of DNA and RNA resulting in
cleavage of the nucleic acids (Petsko & Ringe, 2009). While recognition of nucleobases
is possible by the nuclease, and hydrolysis of the amide bonds along the AEG backbone
of PNA can occur, nucleases have not been shown to catalyze this reaction (Egholm et
al., 1992; Leijon et al., 1994).
2.1.3 Biological applications of PNA
The enhanced chemical stability and binding specificity exhibited by PNA makes
this synthetic analog a useful reagent for biochemical and biomedical applications.
Therefore, it is not surprising that PNA has been investigated extensively for antisense
and antigene applications (Anastasi et al., 2007; Buchardt et al., 1993; Cordier et al.,
2014; Egholm et al., 1993; Egholm et al., 1992b; Fabbri et al., 2011; Hyrup & Nielsen,
1996; Liu et al., 2015; Nielsen, 2004, 2008; Ray & Norden, 2000; Schmidt, Nielsen, &
Orgel, 1997). PNA is used to block translation along the messenger RNA (mRNA),
functioning as an antisense drug (Nielsen, 2008; Ray & Norden, 2000). Using strand
invasion, PNA can control transcription by binding to targeted DNA regions to block or
enhance transcription enzyme binding, functioning as antigene therapy (Nielsen, 2008;
Ray & Norden, 2000). PNA have also been investigated as diagnostic tools (Ray &
Norden, 2000). In this setting, the strong hybridization properties of PNA are exploited
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to identify mutagenic sequences of DNA (Ray & Norden, 2000).. Due to the
th increased
hybridization properties of PNA, smaller strands of PNA can be used instead of DNA in
antisense and antigene related therapies (Egholm et al.,1992;
1992; Hanvey et al., 1992;
Nielsen, 2008; Ray & Norden, 2000)
2000).. PNA’s resistance to nucleases allows PNA strands
to remain intact longer, making PNA a better prospect than DNA (Egholm et al.,1992;
al.,
Nielsen, 2008; Ray & Norden, 2000)
2000).
2.2 Peptide Translation
In a growing cell, approxi
approximately twenty amino acids per second
cond are incorporated
into proteins (Krab & Parmeggiani
Parmeggiani, 1998).. Accurate translation of proteins and peptides
is vital to the life of the cell. The first step of protein translation is referred to as
activation.

Figure 7. Schematic of activation (Bell et al., 2011).
Activation is initiated by am
aminoacyl-tRNA synthetases (aaRSs) (Bell, Ellzey,
McDougald, & Serrano, 2011)
2011). During activation, aaRSs esterify an amino acid to the
alpha-phosphate of ATP, form AA-AMP (aminoacyl adenylate), and release
pyrophosphate (Figure 7)). The next step of protein translation is aminoacylation (or
tRNA charging). At this stage, the bound activated amino acid is transferred to the 3’ end
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of a transfer ribonucleic acid (tRNA) by an aaRS to generate an aminoacyl-tRNA
aminoacyl
(aatRNA), as shown in Figure 88.

Figure 8. Schematic of aminoacylation (Bell et al., 2011).
Once aa-tRNAs
tRNAs are formed, transfer to the next step of translation can occur. This step
involves the translation factor elongation factor Tu (EF-Tu).. The GTP bound version of
EF-Tu binds the aa-tRNA
tRNA to form a ternary complex that is shuttled to the ribosome
(Krab & Parmeggiani,, 1998)
1998).. In the ribosome, the latter stages of translation occur.
occur The
amino acid is incorporated into the peptide that is being sy
synthesized (Krab &
Parmeggiani, 1998). Although each step is required for protein translation, the initial
stages (activation and aminoacylation) are the most stringent (Musier-Forsyth
Forsyth &
Schimmel, 1999; Ribas de Pouplana & Schimmel, 2000; Schrader, Chapman, &
Uhlenbeck, 2011).. As a result, aaRSs are con
considered
sidered sentinels of the genome,
responsible for the establis
establishment of the genetic code. This research aims to investigate if
these regulatory enzymes can recognize synthetic nucleic acids.
aaRSs have been shown tto recognize and aminoacylatee an array of tRNA
derivatives (Frugier et al., 1992; Musier-Forsyth et al., 1991; Musier-Forsyth
Forsyth &
Schimmel, 1999).. Paul Schimmel’s lab used AlaRS to aminoacylate RNA minimini and
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micro-helices as well as short RNA-RNA duplexes (Musier-Forsyth & Schimmel, 1999).
The truncated RNA (i.e. minihelices, microhelices, and RNA duplexes) were derived
from sections of tRNA acceptor stem (Musier-Forsyth et al., 1991). Specifically because
a small RNA duplex mimicking the accepter stem of tRNA has been shown to be a
substrate for AlaRS (Musier-Forsyth et al., 1991), this sequence was chosen to design the
first PNA-RNA duplex used in this research.
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CHAPTER III
METHODOLOGY
3.1 Protein Expression
Alanyl tRNA-Synthetase (AlaRS) from Escheria coli is expressed from Escheria
coli BL21(DE3) cells. Expression plasmids are transformed into BL21 cells and plated
onto kanamycin selected Luria-Bertani Broth (LB) agar plates, incubated overnight at
37°C and then stored at 4°C for up to fourteen days. A single colony is removed from the
plates, re-suspended in 5mL of liquid LB, and incubated at 37°C overnight to produce a
starter culture. The starter culture is inoculated into 250mL (1:50 dilution) LB expression
media incubated, and shaken at 225 rpm and 37°C. The optical density at 600 nm
(OD600) is monitored until it approaches a value of 0.6. When the OD600 reaches 0.6, the
culture is induced with 25uM Isopropyl β-D-1-thiogalactopyranoside (IPTG) to initiate
the expression of AlaRS. The culture expressed for 4 hours. The cells are collected by
centrifugation at 4000 times gravity for twenty minutes to form a solid pellet. Cell pellets
are stored at -20°C until the next step.
The cells are lysed using Bacterial Protein Extraction Reagent (B-PER) from
ThermoScientific. Lysed cells are centrifuged at 27000 times gravity to pellet the
structural components of the cell away from the soluble AlaRS. The supernatant is
transferred to a nickel affinity column for purification of AlaRS. The recombinant
protein is purified using the affinity of a poly-histidine tail (His-tag) binding to Nickel
(Ni-NTA) resin buffered by phosphate buffered saline (PBS) and 25mM imidazole.
After gently tumbling at 4°C for one hour, the column is washed with PBS and 10mM
imidazole. AlaRS is eluted from the column by increasing the concentration of imidazole
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to 200mM. Eluted
uted AlaRS is dialyzed in 3500 MWCO (molecular weight cut-off)
cut
cassettes against storage buffer (HEPES, KCl, MgCl2, 2-mercaptoethanol,
mercaptoethanol, 30% glycerol)
overnight. After dialysis, Ala
AlaRS is aliquoted and stored at -80°C.. The purity is
determined via SDS-PAGE
PAGE. Concentration was determined by UV spectroscopy at
260nm and calculated using Beer’s Law.
3.2 Nucleic Acid Preparation
Musier-Forsyth et al. demonstrated that a tRNA minihelix and small RNA-RNA
duplex is efficiently aminoacylated by AlaRS (Musier-Forsyth
Forsyth et al., 1991).
1991)

RNA-RNA
RNA duplexes aminoacylated by
Figure 9. Sequences of RNA minihelix and RNA
Karin Musier-Forsyth et al. (Hays et al., 2005; Musier-Forsyth
Forsyth et al., 1991).
1991)
Figure 9 shows the tRNAAla minihelix and RNA-RNA duplexes that were
ere aminoacylated
in the investigation by Musier
Musier-Forsyth et al. The sequence of the tRNAAla minihelix used
in their investigation is:
GGG GCU AAG CGG UUC GAU CCC GCU UAG CUC CAC CA-3’
CA
5’-GGG
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The sequences of the 13mer and 9mer strands of the RNA-RNA duplex used in their
investigation are:
5’-CUU AGC UCC ACC A-3’
5’-GGG GCU AAG-3’.
These sequences are based on the acceptor stem of tRNAAla. For the PNA-RNA duplex,
the 9mer strand was replaced by PNA with the sequence:
5’-GGG GCT AAG-3’.
PNA was first created as a DNA mimic; therefore, nucleobase uracil has not been
incorporated into PNA strands. Thymine is included in this PNA strand to base pair with
adenine in the complementary RNA strand. The amino acid is esterified to the RNA 13mer.
The PNA-RNA duplex was annealed by combining equimolar amounts of 13mer
RNA and 9mer PNA (10µM) in annealing buffer [100mM Sodium Phosphate buffer (pH
7.0) with 5mM MgCl2], heating to 90°C and cooling to room temperature 12-18 hours.
The annealed strands were stored at -20°C or used immediately.
3.3 Aminoacylation of Nucleic Acid Substrates
Aminoacylation assays follow the protocol of Ledoux and Uhlenbeck (Ledoux &
Uhlenbeck, 2008). These assays are carried out at 20°C, in 30mM HEPES (pH 7.4)
containing 15mM MgCl2 and 25mM KCl with a final volume of 20µL. The first step is
activation of the amino acid. Initially, L-Ala and 32P-ATP (80nM of 3000 Ci/mmol) are
incubated together in charging buffer (zero time-point) for 5 minutes prior to the addition
of 10µM AlaRS. Addition of AlaRS initiates activation of L-Ala; activation is allowed to
proceed for 10 minutes before the addition of nucleic acid (tRNA, RNA minihelix, RNA-
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RNA duplex, or PNA-RNA duplex). Addition of the nucleic acid substrate initiates the
aminoacylation reaction. At time-points, 1µL of the aminoacylation reaction is quenched
into 5 µL of 1unit/µL Nuclease S1 diluted in 200mM NaOAc (pH 5.5). Quenched
samples (1µL) are spotted onto polyethyleneimine-cellulose (PEI-cellulose) thin layer
chromatography plates and radioactive species are separated using a solvent system of
10% saturated boric acid and 5% glacial acetic acid. The TLC plates were air dried,
developed for at least 3 hours, and scanned on Typhoon Phosphorimager.
3.3.1 Expected Results of Aminoacylation Assays.
The expected results are shown in Figure 10. 1µL of sample from each time-point
is spotted onto the TLC as indicated by lanes 1-6. The bottom spot, labeled ATP is
unreacted ATP that remains where the spot is placed on the TLC. The AMP spot
correlates to the AMP that is released when aa-tRNA is formed. AA-AMP is the
activated amino acid adenylate, which disappears as it is charged onto the tRNA. As the
AA-AMP spot disappears, the amount charged onto the tRNA can be quantified. The
images are quantified with ImageQuant software. Graphpad Prism software is used to
generate graphical representation of the data.
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Figure 10. Expected results from TLC of quenched aminoacylation reaction samples
over time.
3.4 Characterization of Nucleic Acid Substrates
To confirm formation of duplex, electrophoretic mobility shift assays (EMSA),
UV and CD spectroscopy, are used. EMSA and UV spectroscopy are also used in
assessing the interactions between strands and the stability of the duplex under
un
varying
pH conditions. CD spectroscopy is used to elucidate the secondary structure of the
duplex. CD spectroscopy is also used to confirm structural changes in aaRSs as an
indication of interaction of the protein and nucleic acid (tRNA, minihelix, duplex).
d
3.4.1 EMSA Methods
13mer RNA (50nM) is incubated with increasing concentrations of 9mer PNA
(0.25, 0.33, 0.5, 0.7, 1, 1.25, 2.5, 5 molar ratio to RNA) for 90
90-120
120 minutes in either
buffer A (10mM Tris-HCl,
HCl, 1mM EDTA, pH 8.3) or buffer B (100mM Sodium phosphate
buffer, 5mM MgCl2 pH 7.0). After incubation, glycerol was added to the samples at a
final concentration of 5%. The entire sample was loaded onto a 15% Native TBE
polyacrylamide gel (Bio-Rad
Rad)) and electrophoresed at 100 volts for 1 hour, or
o 120 volts
for 45 minutes.
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3.4.2 Ultraviolet-Visible Spectroscopy
By monitoring the change in UV absorbance value (hypochromism), the degree of
interaction between the PNA and RNA is observed. Separate strands of PNA and RNA
of a known concentration will have a higher UV absorbance than annealed strands of the
same concentration. The decrease in UV absorbance, hypochromicity, is due to the πstacking of nucleobases when the strands anneal (Biochemistry, 2007). The stacking
causes the absorbance of UV radiation to be quenched (Biochemistry, 2007).
The UV absorbance is measured at 200-350 nm at time-point zero, 9mer PNA is
added to buffer (100mM Sodium Phosphate, pH 5.5 – 8.5) containing 13mer ssRNA.
This absorbance value is collected at the zero time-point and then compared to the same
samples after 2 hours incubation at 37 °C to measure hypochromicity. Hypochromicity

Figure 11. Expected hypochromic difference between separate (initial) and annealed
(final) strands of PNA and RNA. The largest difference is expected to occur at 260nm.
indicates quenching in absorbance signal caused by base stacking (Biochemistry, 2007).
A larger change in absorbance, or hypochromicity percentage, indicates more basestacking. If there is no change detected in absorbance value, the PNA strand is not

19
solubilized and cannot interact as efficiently with the RNA strand. The expected results
are shown in Figure 11.
3.4.3 Circular Dichroism Spectroscopy
CD spectra are recorded using a JASCO J-815 spectrometer and a 0.1 cm quart
cuvette (Hellma) and monitored in continuous (50 nm/min) scan mode from 320-200 nm
(Kim et al., 1993; Ray & Norden, 2000). The temperature is 20°C, 1.0 nm bandwidth,
0.1 nm data pitch, and 8 second data integration time. Data sets are the average of three
scans. Spectral measurements of the blank are subtracted from each data set. Nucleic
acids are prepared in CD analysis buffer (5 mM sodium phosphate buffer pH 7.0, 100
mM NaCl, 1 mM EDTA, 5mM MgCl2, and 4% glycerol) with a final volume of 160 µL
(Kim et al., 1993; Ray & Norden, 2000). Annealed strands are measured immediately
after cooling or stored at 4°C for up to 48 hours before collecting the CD spectra of the
nucleic acid.
As a control, the collected CD spectrum of an RNA minihelix serves as A-form
nucleic acid. A DNA-DNA duplex serves as B-form nucleic acid standard. The spectra
of hybrid duplexes are compared to these to elucidate the shape of the PNA-RNA hybrid
duplexes.
3.4.4 Thermal Denaturation
Melting curves are obtained to determine if there is an increase in stability of the
PNA-RNA duplex over the RNA-RNA duplex. CD spectroscopy with a thermal peltier
control cuvette holder is used to melt the strands from 4 to 100° C and observe the
change in structure associated with melting. An increase in stability is expected to give
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an approximately 10°C increase in the melting temperature, Tm, of the PNA-RNA
duplex over the RNA-RNA duplex.
3.4.5 AlaRS – nucleic acid binding as measured by CD
Circular Dichroism is used to monitor the change in aaRSs upon interaction with
its cognate tRNA, minihelix, RNA-RNA duplex, and PNA-RNA duplex following the
protocols by Willick et al. (Willick et al., 1973). This data provides further information
as to whether PNA can participate in translation or inhibit translation by changes in the
CD spectra of the nucleic acid upon interaction with AlaRS.
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CHAPTER IV
ANALYSIS OF DATA
4.1 Protein Expression
AlaRS is expressed and purified following the protocol detailed in Chapter III.
SDS-PAGE indicates purity as shown in Figure 12.. The highlighted band corresponds
corres
to
AlaRS at a size of 96 kDa
kDa. The concentration is verified by measuring the UV
absorbance at 260nm. The absorbance valu
value of purified AlaRS at a 1:10 dilution was
0.42.. Using Beer’s Law, and the mo
molar absorptivity of AlaRS of 71195 M-1cm-1, the
concentration is determined to be 59 µM.

Figure 12. SDS gel electrophoresis results showing AlaRS post purification. Lane 1 New
England Biolabs Colorplus protein ladder; Lane 2 purified AlaRS.
4.2 Hybrid Nucleic Acid Duplex Design Strategy
As stated earlier, the PNA
PNA-RNA
RNA duplex sequence is based on the acceptor stem
sequence of tRNAAla (Musier
(Musier-Forsyth et al., 1991; Musier-Forsyth
Forsyth & Schimmel, 1993;
Musier-Forsyth
Forsyth & Schimmel, 1999; Nordin & Schimmel, 1999; Schimmel, 1991).
1991)
Previously, Musier-Forsyth
Forsyth et al. showed that AlaRS efficiently aminoacylated
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Figure 13. Sequences of RNA minihelix and RNA
RNA-RNA
RNA duplexes aminoacylated by
Karin Musier-Forsyth et al. (Musier-Forsyth
Forsyth et al., 1991; Privé et al., 1991).
1991)
an RNA minihelix; Figure 13 displays sequences of the RNAs investigated (MusierForsyth et al., 1991).. The strands complementary to the 13mer with the CCA end used in
their study were 9, 8, 6,, or 4 nucleotides in length. Aminoacylation assays in this
t
investigation
vestigation showed that duplex consisting of a 4mer annealed to a 13mer (4-13mer)
(4
was not sufficient to bee recognized by AlaRS (Figure 14). The levels of aminoacylation
varied based on the length of the strand annealed to the 13mer; the 9-13mer
13mer was
efficiently aminoacylated. The smaller complementary strands may not have produced a
large enough duplex to properly fit into the binding pocket of AlaRS, but as long as the
strand complementary to the 13mer had at least 6 nucleotides, aminoacylation was
observed (K. Musier-Forsyth
Forsyth et al., 1991)
1991). A control using single-stranded
stranded 13-mer
13
was
also conducted to evaluate the selectivity of the AlaRS binding pocket (Musier-Forsyth
(Musier
et
al., 1991).
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Figure 14. Aminoacylation levels of RNA
RNA-RNA
RNA duplexes as investigated by MusierMusi
Forsyth et al. (Musier-Forsyth
Forsyth et al., 1991)
1991).
Using these assays and the 9mer
9mer-13mer RNA
A sequence depicted in Figures 15 as
a guide, a PNA-RNA
RNA duplex was conceived as being a possible substrate for AlaRS
(Musier-Forsyth
Forsyth et al., 1991)
1991).. The strand containing the CCA of the acceptor stem was
left as RNA while the complementary strand was repl
replaced with a 9-mer
mer PNA;
PNA the
sequence is shown in Figure 15.

Figure 15. Schematic of minihelix and RNA
RNA-RNA duplex (Musier-Forsyth
Forsyth et al., 1991)
and PNA-RNA duplex.

4.3 Aminoacylation of Hybrid Nucleic Acid Duplex
The expected results of aminoacylat
aminoacylation assays are shown in Figure 10,
10 where the
species that traveled the farthest on the TLC corresponds to the activated amino acid,
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AA-AMP. As the activated amino acid is charged onto tRNA (or RNA minihelix,
duplex, etc.), the AA-AMP spot is consumed. The AA-AMP spot could appear to be
consumed by spontaneous hydrolysis, but this is not observed in the negative control as
shown in Panel A of Figure 16.
The aminoacylation assays indicate that PNA is a viable substrate for AlaRS.
Figure 16 shows the results of aminoacylation assays and controls. The first lane in each
panel is the zero time point of the reaction. This aliquot is taken before the addition of
AlaRS. Lane 2 corresponds to the activation of the amino acid after ten minutes. Lane 3
in each panel corresponds to the five seconds after initiation of the aminoacylation
reaction. Lanes 4-6 are ten second intervals; lane 7 is 45 seconds after charging has been
initiated; lanes 8-10 are minute time scale of 1, 2, and 5 minutes. Panel A corresponds to
a negative control with no RNA/tRNA added to the reaction. There is no decrease in the
AA-AMP spot over time indicating no charging or spontaneous hydrolysis of the AAAMP took place. Panel B displays a positive control showing disappearance of AA-AMP
as activated L-Ala is charged onto tRNAAla. Panel C is an additional control; the 13mer
ssRNA showed a negligible change in the AA-AMP. Panel D corresponds to the
aminoacylation of the same 35mer minihelix as described in the investigation by MusierForsyth et al (Musier-Forsyth et al., 1991). The AA-AMP is hydrolyzed over time
indicating, while not as efficiently as the tRNA, charging of L-Ala onto the minihelix
occurs. The aminoacylation results of the PNA-RNA duplex are shown in Panel E.
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Figure 16. Results of Aminoacylation assays. tRNA (1 µM)
M) incubated with 10 µM
AlaRS and 2 mM L-Ala
Ala at 20°C in: 30 mM HEPES (pH 7.4), 15 mM MgCl2, 25 mM
KCl and 80 nM 32P-ATP.
ATP. Reactions were quenched in Nuclease S1 diluted in 100 mM
NaOAc. Time points: Lanes 3 (5s), 4 (10s), 5 (20s), 6 (30s), 7 (45s), 8 (60s), 9 (120s), 10
(300s). Panels A and C are negative controls with no RNA or ssRNA respectively. Panel
B is a positive
ositive control of an aminoacylation reaction by AlaRS of its cognate tRNA.
Panel D is a comparison of a 35mer TRNA minihelix, a truncated version of the tRNA.
Panel E shows aminoacylation of a PNA
PNA-RNA duplex.
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The levels and efficiency of charging of the PNA-RNA duplex surpass that of the
tRNAAla minihelix as shown by lower levels of AA-AMP remaining after five minutes, as
seen in Figure 17. AlaRS aminoacylates cognate L-Ala onto the PNA-RNA duplex. This
data indicates that an enzyme (AlaRS) recognizes and accepts a synthetic nucleic acid
(PNA).

Figure 17. Results of Aminoacylation assays: bar graph comparison of concentration of
AA-AMP remaining after five minute of charging. These data are the results of at least
three replicates.
4.4 Characterization of Nucleic Acid Substrates
4.4.1 Electrophoretic Mobility Shift Assay
After determining that the PNA-RNA hybrid duplex was charged by AlaRS, the
focus shifted to characterization of the PNA-RNA hybrid duplex. The global
conformation of the PNA-RNA hybrid was investigated using EMSAs. The super shift
titration indicates the formation of a duplex by a decrease of mobility of a fluoresceinlabeled RNA 13mer upon interaction with 9mer PNA. The samples are incubated under
mild conditions (2 hours at 37°C) in either buffer A (10mM Tris-HCl, 1mM EDTA, pH
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8.3) or buffer B (100mM Sodium phosphate buffer, 5mM MgCl2 pH 7.0). Because PNA
is more soluble at lower pH, buffers of varying pH (buffer A versus buffer B) are used.
The samples are loaded onto 15% native
ative TBE polyacrylamide gels and electrophoresed at
100 volts for 1 hour, or 120 volts for 45 minutes. As a control, labeled RNA (ssRNA)
with no PNA was added to Lane 1. Panel A of Figure 18 corresponds to samples
incubated in buffer A (pH 8.3
8.3) and panel B corresponds to samples incubated in buffer B
(pH 7.0). A shift in the electrophoretic mobility of a fluorescein labeled 13mer RNA left
upon interaction and binding with 9mer PNA can be visualized.. The gel in panel A
shows a shift that begins at a 1:1 molar ratio of PNA to RNA, with a band showing
decreased electrophoretic mobility in lane 6. At pH 8.3, a complete shift is not seen until
PNA is in excess. The gel in the panel B shows a shift that begins immediately,
immedi
at 0.25:1
molar ratio of PNA to RNA in lane 2. A complete shift of all fluorescein labeled strand
is visible at a molar ratio of 1:1 in lane 6. At neutral pH, the PNA interacts with to the
RNA more effectively.

A

B

1 2 3 4 5 6 7 8 9 10
1 2 3 4 5 6 7 8 9

Figure 18. EMSA with increasing molar ratio of PNA to RNA (50nM fluorescein labeled
RNA). Samples were annealed in buffer with pH 8.3 (panel A) and pH 7.0 (panel B).
The lower pH provided for more interaction of the PNA and RNA and formation of a
more stable complex.
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4.4.2 UV Spectroscopy
The UV data provides evidence of duplex formation by monitoring the
hypochromicity of separate strands at pH values of 5.5, 6.0, 6.5, 7.0, 7.5, 8.0 and 8.5 after
annealing. Equimolar (2 µM)) amounts of PNA and RNA were combined. Figure 19
shows the difference
ence in absorbance values for the PNA
PNA- RNA duplex at pH of 5.5. By
measuring the percentage of hypochromic change, the effect of pH on the interactions
interaction
between the PNA (9mer) and RNA (13mer) can be observed.

Figure 19. Comparison of UV spectra before and after annealing at mild conditions.
Initial (black line) is a UV spectra recorded when the strands are first added to the same
vessel. Final (red line) is the UV spectra recorded after 2 hours at 337°C.
Figure 20 summarizes the data of hypochr
hypochromicity data as a function of pH. At pH
5.5 a 16 percent change is observed
observed. At neutral pH, a modest change (6%) was observed.
At pH values above 7, no change or hyperchromicity was observed.
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Figure 20. Bar graph summary of UV data, hypochromic effect at varying pH.
Hyperchromicity indicates weaker interactions between the PNA and RNA strands.
These findings further support data that suggests when PNA is used, it should first be
solubilized in low pH (or neutral pH at an elevated temperature, i.e. 60°C) before
interactions with other nucleic acids to which it is expected to anneal(Braasch, Nulf, &
Corey, 2001; Kaihatsu & Corey, 2004). The AEG backbone of PNA produces a less
polar molecule than natural nucleic acids. At low pH, the cytosine bases of PNA become
protonated, therefore allowing for more hydrogen bonding and inducing greater solubility
of the PNA molecule.
4.4.3 CD spectroscopy
Next, CD spectroscopy was used to elucidate finer structural details of the PNARNA interactions. PNA is flexible enough to bind to DNA or RNA and adopt the shape
of its binding partner (Hyrup et al.,1994; Lukeman, Mittal, & Seeman, 2004). CD data
provides evidence that a duplex of PNA-RNA formed by a maximum at 265nm, as
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shown in Figure 21. A-form
form conformational helices characteristics are highlighted with
arrows in Figure 21, with a maximum at 260nm and minima near 210nm. The tRNAAla
minihelix has decidedly A
A-form characteristics. The 9-13
13 RNA duplex shows some a
mixture of A- and B-form
form characteristics, likely due to the overhang of the CCA end.
The notable B-form
form character, a positive increase in signal near 220nm, is highlighted
highlight in
Figure 21.
With respect to the features of the PNA
PNA-RNA
RNA duplex, the positive peak near
265nm is expected for the PNA
PNA-RNA
RNA duplex. Due to an increase in secondary structure
upon annealing, an increase in signal was expected when the PNA is annealed to the
RNA. The maximum at 265nm provides evidence
idence that the duplex formed.
formed This
maximum is between the peak expected for A
A-form (260nm) and B-form
form (270nm). An
A-form signature minimum near 210nm is present in the PNA-RNA
RNA duplex; but this peak
is not the same
ame shape and occurs after a plateau indicating some B
B-form
form character near
220nm.

13RNA duplexes.
Figure 21. CD spectra for 99-9 RNA, 9-13 RNA and 9PNA-13RNA
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PNA is achiral. Hence, CD signals for PNA
PNA-RNA or PNA- DNA are relatively lower
than the cognate strands. The PNA strand possesses an L
L-Lys residue at the N-terminus.
N
The Lys is added to increase solubility, but also induces chirality in the PNA. The Lys
causes the PNA to favor the left
left-handed conformation (Nielsen, 2007; Sforza et al., 1999;
Tedeschi, Sforza, Dossena, Corradini, & Marchelli, 2005; Wittung et al.,, 1995).
1995)
However, DNA and RNA typically dictate that the more versatile PNA follows the
conformation of their right
right-handed helices (Sforza et al., 1999), and this is observed.
RNA-RNA and DNA-DNA,
DNA, or standard A
A-form and standard B-form
form nucleic acids,
control spectra were collected to compare the PNA-RNA
RNA duplex. A comparison of the
CD spectra of tRNAAla minihelix
minihelix, RNA-RNA duplexes, and PNA-RNA
RNA duplex are

a: A
A-form & B-form controls – tRNA, tRNAAla minihelix, and 9-9
9
Figure 22. CD Spectra:
DNA duplex, compared to 99-9RNA, 9-13RNA, and 9PNA-13RNA
13RNA duplexes.
shown in Figure 22. The PNA
PNA-RNA
RNA duplex has a structure that is a shape between AA
form and B-form,
form, indicating a slight difference in sizes of the major and minor groove of
the duplex containing PNA versus and all RNA duplex. Figure 23 displays some
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possibilities
es of the shape of the PNA
PNA-RNA helix, between A- and B-form
form nucleic acid
helical conformations.

Figure 23. Structural images of B
B- form DNA, chimeric A-B
B form DNA and A-form
A
DNA (Privé et al., 1991).
Thermal Denaturation
CD spectroscopy using a thermal peltier control cuvette holder is used to provide
a melting temperature for structured biomolecules by a decrease in the signal output at a
certain wavelength for which a maxima or minima is known to occur (Willick et al.,
1973). For A-form
form RNA, a maxim
maxima occurs at 260nm. For B-form
form nucleic acids, there is
also positive peak in the
he same area, at 270nm
270nm.. After performing wavelength scans to
determine the maxima for the RNA
RNA-RNA duplex and PNA-RNA duplex, both peaked at
265nm. This
his wavelength was used to measure denaturation. The values collected for the
maxima at 265nm are compile
compiled
d at varying temperatures to give a melting temperature
(Tm) of the 9RNA-13RNA
13RNA duplex and 9PNA-13RNA
13RNA duplex. The 9RNA-13RNA
9RNA
duplex was determined to have a Tm of 55.2°C, as indicated in Figure 24.. The Tm of the

33
9PNA-13RNA
13RNA duplex was determined to be 69.4
69.4°C. The inclusion of PNA into the
hybrid duplex provides for a 14.2°C increase in the Tm over the all RNA duplex
dupl of the
same sequence.

13RNA duplex
Figure 24. Thermal Denaturation: 99-13 RNA duplex (black) and 9PNA-13RNA
(green and blue). PNA provides an increase in Tm of more than 10°C.
Table 1
RNA duplex
Tm values of tRNAAla, tRNAAlaminihelix, RNA-RNA duplex, and PNA-RNA
Nucleic Acid

Tm

9-13 RNA-RNA duplex

55.2°C

9PNA-13RNA duplex

69.4°C

tRNAAla minihelix

82.3°C

tRNAAla

59.0°C
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Wavelength scans at temperatures of 4°C, 14°C, 24°C, 34°C, 44°C, 54°C, 64°C,
74°C, and 84°C are compared to examine the structural changes that occur in the RNARNA
RNA duplex and PNA-RNA
RNA duplex as temperature increases. These results are shown in
Figures 25 and 26. For
or the RNA
RNA-RNA duplex, shown in Figure 25,, conformational
changes are noted between 44°C and 54°C by the iso
isosbestic
bestic points at approximately
246nm, 230nm, and 218nm. For the PNA
PNA-RNA duplex, shown in Figure 26,
26 these
indications are not observed until the sspectra were recorded at and above 64°C. Notable
indications of change in conformational shape can be seen at approximately 235nm and a
red shift of the maxima from approximately 268nm (below 64°C) to 270nm at 64°C to
275nm (above 64°C).

Figure 25. 9RNA-13RNA
13RNA duplex CD spectra at varying temperatures, 4-84°C.
4
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Figure 26. 9PNA-13RNA
13RNA duplex CD spectra at varying temperatures, 44--84°C.

AlaRS – nucleic acid binding as measured by CD
Upon
pon interaction of tRNAAla with AlaRS in the presence of L-Ala,
Ala, an increase in
the signal output was observed, indicating an interaction between AlaRS and tRNAAla.
Figure 27 exhibits the CD spectra of four difference nucleic acid substrates in the
presence of AlaRS and L--alanine. Although the effect was not as drastic,
ic, there was a
similar positive effect on the tRNAAla minihelix and PNA-RNA
RNA hybrid duplex. The
RNA-RNA
RNA duplex did not show the same trend. This data is correlative with the
aminoacylation assays and CD spectra of the duplexes. The aminoacylation assays
showed the highest levels of charging for the tRNA and PNA
PNA-RNA
RNA hybrid. The CD
spectra of PNA-RNA
RNA hybrid indicate that it has more A-form character
haracter than the RNARNA
RNA duplex, causing the hybrid to be a more compatible substrate due to its similar
helical shape
ape to the cognate substrate for AlaRS, tRNAAla.
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Figure 27. Data showing changes in nucleic acid CD spectra upon addition of AlaRS and
L-Ala.
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Figure 28.. Bar graph representation of percent change in maxima of CD spectra of
nucleic acid substrates upon addition of AlaRS and L
L-Ala.
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CHAPTER V
DISCUSSION
5.1 Discussion and Conclusion
The aminoacylation studies clearly show that AlaRS recognizes the synthetic,
nucleic acid PNA. These results represent the initial data set that indicates PNA are
compatible with aminoacyl-tRNA synthetases. As a result, PNA-RNA may represent a
unique class of substrates for translation. In order to further develop PNA for
translational related applications, the biophysical characteristics of the PNA-RNA
substrates must be elucidated.
The biophysical characteristics of the particular PNA-RNA substrate in this study
were investigated using EMSA, UV spectroscopy and CD spectroscopy. The EMSA and
UV assays indicate that binding interactions between PNA and complementary RNA
strand are more significant at lower pH values. These results are based on the increased
solubility of PNA monomers at lower pH. The initial characterization techniques clearly
show that PNA binds appreciably to RNA. These data sets served as the platform to
investigate the global structural details of the PNA-RNA complex.
To further investigate the PNA-RNA complex, CD spectroscopy was employed to
gather more evidence of the structural details. While investigating PNA using CD, it is
typically achiral, giving little to no signal on its own (Ray & Norden, 2000). Many
papers discuss triplex formation and see an increase in signal because the secondary
structure increases, following the RNA right-handed helix (Egholm et al., 1993; Kim et
al., 1993; Leijon et al., 1994; Nielsen, 2007, 2008). Initially, it was unclear whether the
PNA would adopt the A-form helical conformation of typical RNA duplexes or exist a
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new conformational isomer, not shaped as A-form or B-form; however, it was evident in
this investigation that the PNA 9mer binds to the RNA 13mer to form a hybrid duplex
structure by identifiable CD spectra common to nucleic acid structures. The PNA-RNA
hybrid duplex possesses strong A-form signatures as shown by the maxima near 265nm
and minima near 210nm. Although a common profile to indicate structural shape has yet
to be elucidated for CD spectra of PNA, a shoulder in the 240-250nm region of the
spectra followed by a minima at 240nm is a signature of PNA-natural nucleic acid
hybrids (Gupta, 2013; Kim et al., 1993; Tedeschi et al., 2005; Wittung et al., 1994). This
shoulder and minima were visualized in spectra collected of PNA-RNA hybrid duplex.
Some B-form characteristics are also present in the collected CD spectra, as seen in
Figures 21 and 22, as a decrease in the signal between 230-240nm and an increase, or
plateau, between 225-230nm.
Next, the thermal denaturation assays indicate that the PNA-RNA duplex is
relatively more stable than the RNA duplexes. Figures 24, 25 and 26 provide insight into
the increased thermostability of the hybrid duplex over the all RNA duplex. By replacing
the 9mer of the 9-13 RNA duplex with PNA of the same sequence as the complementary
strand of the 13mer RNA (based on the acceptor stem and including the CCA-3’ of
tRNA) the Tm of the duplex was increased by 14.2°C. An increase in Tm was expected,
but for such a small duplex, this increase is substantial. Wavelength scans (Figures 25
and 26) show structural changes as the duplexes are heated. The compiled spectra of the
RNA-RNA duplex indicate a conformational change through the isosbestic points at
218nm, 235nm, and 245nm and a red shift in the minima near 210nm. An isosbestic
point shows only one variable changes that results in a change in the recorded data. For
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CD spectra, this indicates a change in the helical conformation of the investigated
species. A decrease in overall structure is noted by the decrease in overall signal. For the
RNA-RNA duplex, these changes were pronounced by 54°C. In contrast, the PNA-RNA
duplex seemed to maintain higher order to its structure until beyond 54°C, but did show
more B-form character as it was heated by a red shift near 265nm. The only clear
isosbestic point, indicating conformational change, occurred near 210nm for the PNARNA hybrid duplex, and only the two highest temperatures exhibited significantly
different shapes in the spectra near this point.
Finally, CD spectra of the nucleic acids in the presence of AlaRS and L-alanine,
under aminoacylation conditions, suggest that the hybrid duplex is a favorable substrate
for AlaRS, as the addition of AlaRS provides a change in the output signal of the PNARNA hybrid. Together, these data provide initial investigations positively identifying
PNA as a substrate for an enzyme.
5.2 Future Directions
5.2.1 Aminoacylation of other nucleic acid duplexes
After aminoacylating a PNA-RNA duplex of which the RNA-RNA duplex has
already been shown to be a substrate for its aaRS, the 13mer RNA strand will be replaced
to create an all PNA duplex. A potential pitfall in using this assay is the indirect nature
of the readout. As shown in Figure 10, the data is collected by the disappearance of the
AA-AMP spot on the TLC, leaving the question as to whether the amino acid was
charged onto the nucleic acid duplex or the aaRS also catalyzed the reverse reaction. To
circumvent this pitfall, acid-urea gels can confirm that the aminoacylation reaction has
occurred. The read out for this assay is monitored by a decrease in the electrophoretic
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mobility of the aminoacylated duplex as compared to the nonacylated duplex. Once it is
proven that the duplex was aminoacylated, along with negative controls showing no
spontaneous hydrolysis, the data acquired from the 32P-based TLCs is validated.
5.2.2 Evolutionary Implications
The RNA World Hypothesis, which suggests ribonucleic acid (RNA) was the first
genetic molecule, is widely accepted (Anastasi et al., 2007; Copley, Smith, & Morowitz,
2007; Orgel, 2003; Ray & Norden, 2000). Support for the RNA World Hypothesis lies in
the diversity of tasks that RNA can complete: folding into complex secondary and
tertiary structures, binding to biomolecules, transferring genetic information, and
catalyzing chemical reactions (Copley et al., 2007; Orgel, 2003). Although the RNA
World Hypothesis is widely accepted, there are many unresolved issues. These problems
include RNA’s inability to polymerize without enzymes and the instability of ribose and
other sugars (Nelson, Levy, & Miller, 2000; Nielsen, 2007). The lack of clear prebiotic
processes that may have manufactured ribose, nucleotides, nucleosides, and glycosidic
bonds is a major conceptual hurdle (Nelson et al., 2000; Nielsen, 2007). Other theories
suggest that a simpler biological molecule preceded RNA as the first genetic molecule
(Orgel, 2000; Schmidt et al., 1997).
Although PNA is entirely synthetic, there is evidence supporting the idea that
PNA may have once been the primary genetic molecule, predating RNA. First,
components of PNA, such as the backbone molecule [N-(2-aminoethyl)glycine (AEG)],
have been shown to be synthesized via prebiotic processes (Nelson et al., 2000). AEG is
also more stable and versatile than ribose phosphate and polymerizes at 100 °C (Egholm
et al., 1992; Nelson et al., 2000). The findings of Banack et al., showing that AEG is
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produced by extant cyanobacteria, bolsters the significance of PNA’s involvement in the
development of the genetic code and suggests that PNA may be a molecular fossil
(Banack et al., 2012). Altogether, it has been shown that PNA could have been
synthesized under prebiotic conditions, components of PNA are produced by extant
organisms, and PNA can complete many of the tasks that were set as standards to support
the RNA World Hypothesis such as binding to other molecules and transferring
information (Nielsen, 2007). While the goal of this research is to determine what is
required by an aaRS for its substrate for recognition and activity, information about PNA
that shows its capabilities as a prebiotic molecule is gained. This information should not
be ignored.
The components and capabilities of PNA that have been established to date
contend that more investigations of PNA and PNA-RNA hybrids should occur. This
research focuses on another task usually completed by RNA (determining if PNA can
transfer information via aaRSs and participate in protein translation) while having
applications to biomedical research due to the hybridization properties of PNA.
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